Introduction
Rhomboid was first described in Drosophila as a key regulator of the epidermal growth factor receptor (EGFR) signaling pathway (Wasserman et al. 2000) . This function is due to its proteolytic activity towards several membranebound growth factors, which is required for their release from signal sending cells (Lee et al. 2001) . The rhomboid protein family belongs to a class of serine proteases, and recent studies have also indicated that apicomplexan rhomboids have a potential role in microneme protein cleavage during host cell invasion . Recent biochemical reconstitution and high-resolution crystal structures have provided proof that rhomboid proteins function as novel intramembrane proteases, with a serine protease-like catalytic apparatus embedded within the membrane bilayer, buried in a hydrophilic cavity formed by a protein ring (Ha 2009) . A thorough consideration of all known examples of rhomboid function suggests that despite biochemical similarity in mechanism and specificity, rhomboid proteins have different function in diverse processes (Freeman 2008) .
Eimeria tenella is one of the most important and serious species causing coccidiosis in chickens (Allen and Fetterer 2002; Ding et al. 2005) . By screening an E. tenella cDNA expression library with anti-sporozoite monoclonal antibodies, a new member of the rhomboid protein family was identified (Li et al. 2006) . Toxoplasma gondii contains six rhomboid-like genes that we have called TgROM1-TgROM6 (Timothy and Dominique 2004) to adhere to the previously proposed nomenclature for T. gondii (Sibley 1991) . T. gondii rhomboid (TgROM)-like proteins containing TgROM1, TgROM2, TgROM4, and TgROM5 have recently been identified for characterization Timothy and Dominique 2004) , but there is no report on function of E. tenella rhomboid (EtROM)-like protein.
In this study, the rhomboid gene of E. tenella was analyzed and cloned into the yeast expression vector pSos, and protein was expressed in host yeast strains cdc25H. Then, suitability of rhomboid for CytoTrap yeast two-hybrid system was detected.
Materials and methods

General reagents and plasmid
Reverse transcriptase M-MLV (RNase H−) and restriction enzymes were purchased from TaKaRa Biotechnology Co., Ltd. The mouse monoclonal anti-Sos antibody and secondary antibodies for Western blotting were from BD Biosciences. Yeast two-hybrid was performed using the CytoTrap Vector Kit (Stratagene). Vectors pSos, pMyr and control plasmid pSos MAFB (positive), pMyr MAFB (positive), pSos Col l (negative), pMyr Lamin C (negative), and pMyr SB (positive) were provided by Stratagene.
Parasite and yeast strains E. tenella wild strain was isolated from Xinjiang in China and was kindly provided by Dr. Jianan Li. Yeast Saccharomyces cerevisiae temperature-sensitive mutant strain cdc25H(α) was used that contained a point mutation at amino acid residue 1328 of the CDC25 gene. CDC25 was the yeast homologue of the Sos gene, encoding a guanyl nucleotide exchange factor that bound and activated Ras, beginning the Ras signal transduction pathway.
Construction of pSos-Rho yeast expression vector
Total RNA was isolated from freshly sporulated oocysts using Trizol® reagent (Invitrogen) according to the manufacturer's instructions. The rhomboid gene segment (GenBank accession no. DQ323509) was generated from the cDNA of E. tenella strains by PCR with primers QF (5′-TTGGTCGACGGACCTTTTGCTTCCTTCCGATC-3′) containing Sal I restriction site (underlined) and QR (5′-CGGAGCTCATGCTAATCTCGTTTTTGGCG-3′) containing Sac I restriction site (underlined) and cloned into the pMD18-T vector. The 910 bp rhomboid gene fragment was subcloned into the Sal I/Sac I sites of pSos vector. The yeast expression plasmid pSos-Rho was identified by double digestion with Sal I/Sac I and the rhomboid gene sequence was detected by Shanghai Biotechnology Co., Ltd.
Preparation of polyclonal antibodies against sporozoites of E. tenella Xinjiang strain Sporozoites of E. tenella were first purified from sporulated oocysts as described previously (Breed et al. 1999) . The purified sporozoites were frozen down in liquid nitrogen and thawed on ice for three cycles, further processed by ultrasound sonication (300 W, 5 min). After centrifugation at 10,000×g for 15 min, the supernatant was collected as the antigen solution for immunization. Each BALB/c mouse was injected with 0.1 ml of antigen (equivalent to 3×10 6 sporozoites) emulsified with equal volume of Freund's complete adjuvant, and boost injection antigen with Freund's incomplete adjuvant after 2-week intervals. ELISA titer was measured.
Verification of yeast host strain marker phenotype First, the temperature-sensitive phenotype of cdc25H host yeast strains was obtained from the glycerol stock by scraping off splinters of solid ice with a sterile wire loop or sterile inoculating stick, and then the splinters were streaked onto a YPAD agar plate. At the same time, yeast was streaked from the −80°C glycerol stock onto each of the four agar "dropout" plates (Four sets of SD agar plates were prepared using the appropriate 10× dropout solutions to test the cdc25H yeast strain for the following nutritional requirements: tryptophan, leucine, histidine, and uracil). The plates were incubated at room temperature (22-25°C) for 4-6 days. After the phenotype had been verified, colonies from the YPAD plate were used to inoculate medium for the preparation of competent yeast cells.
Preparation of cdc25H yeast competent cells and transformation of bait plasmid
The yeast competent cells were perpetrated as described previously (Gietz et al. 1995) , using the CytoTrap yeast two-hybrid system (Stratagene). Preboiled sheared salmonsperm DNA (20 mg/ml) was added to each transformed tube together with the recombinant rhomboid bait plasmid (pSos-Rho) and control plasmid pSos to be transformed (400 ng). Competent cells (50 μl) were added to the DNA mixture followed by addition of 1.2 ml PEG/LiAc solution (40% PEG3350 in 100 mM LiAc/TE). The DNA-cell mixture was incubated for 30 min at 25°C on a rotator. DMSO was added (100 μl) to the transformation mix and incubated at 42°C for 10 min. Cells were centrifuged for 1 min in an Eppendorf centrifuge. The supernatant was discarded, and the cell pellet was resuspended in 1 M sorbitol (150 μl) and plated on the SD/glucose (−L) plates incubated at 24-25°C for 4-6 days.
Purification and Western analysis of recombinant rhomboid bait protein One colony was picked from each SD/glucose (−L) plates (yeast cells transformed pSos-Rho and pSos), then inoculated in 10 ml SD/glucose (−L) liquid medium which was performed on a 250-rpm rotator at 24-25°C (2-3 days, until OD 600 >1.0). The yeast cells were pelleted by spinning the culture at 1,000×g for 5 min at room temperature. Then, the yeast cell pellet was resuspended in 200 μl of cell lysis buffer for protein isolation containing freshly added protease inhibitors (1 mM PMSF, 10 μg/ml aprotinin, 1 μM pepstatin A, 100 μM leupeptin, and 1 μg/ml chymostatin). The cells were vortexed for 5 min at 4°C with an equal volume of acid-washed glass beads (0.5 mm in diameter, Stratagene). The cell lysis was monitored by phase-contrast microscopy until >70% of the yeast cells appear transparent. The lysate was collected by centrifugation at 12,000×g for 5 min at 4°C. The lysate was verified by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis using the mouse monoclonal anti-Sos antibody (BD Biosciences) and polyclonal antibodies that immunoreacted with the sporozoites of E. tenella.
Indirect immuno-fluorescence assay (IFA)
All manipulations were carried out at room temperature. The yeast cells transformed with plasmid pSos-Rho in centrifuge tube was fixed with 4% paraformaldehyde for 20 min. Following fixation, cells were rinsed in PBS-0.1 M glycine, then permeabilized in PBS, 0.2% Triton-X-100 for 20 min and blocked in the same buffer with 2% BSA. The tube was incubated for 60 min with polyclonal antibodies diluted in blocking solution, washed and incubated for 60 min with goat anti-mouse IgG-FITC antibody, diluted 1:2,000 in blocking solution. Yeast cells diluted with PBS on glass slides were mounted in vectashield and kept at 4°C in the dark. Fluorescent images were examined under a Nikon microscope. Adobe Photoshop (Adobe Systems, Mountain View, CA) was used for image processing.
Verification of E. tenella rhomboid bait plasmid suitability Four groups of plasmid were co-transformed into the yeast host for the following verification: plasmid pSosMAFB (400 ng) and pMyrMAFB (400 ng) were co-transformed as positive control group; pSosMAFB (400 ng) and pMyr laminC (400 ng) pair served as negative controls; pSos-Rho (400 ng) and pMyr (400 ng) were co-transformed to detect suitability of the bait protein; and pSos-Rho (400 ng) and pMyrSB (400 ng) pair served as a control that confirms the integrity of the pSos vector. Each transformation mixture was spread on SD/glucose (−UL) agar plates by dropping approximately ten non-acid-washed glass beads until the mixture was spread on the surface. Once the plate was dry, the glass beads were poured off, and these plates were incubated at room temperature (22-25°C) until colonies were visible (4-6 days). Then, three colonies were picked and resuspended in the 25 μl sterile H 2 O, respectively; 2.5 μl of the yeast/H 2 O suspensions was spotted onto each of two SD/galactose (−UL) agar plates and two SD/ glucose (−UL) agar plates. One plate of each type was incubated at 37°C. The second plate of each type was kept at room temperature (22-25°C) for 5 days. The SD/ galactose (−UL) agar plates that were incubated at 37°C required up to 7-10 days of incubation time for yeast colonies to appear.
Results
Sequence analysis of E. tenella rhomboid-like protein
Here, the phylogenetic tree of amino acid sequence of rhomboid-like protein that named EtROMz from E. tenella and other rhomboid-like proteins (ROMs) from T. gondii, P. falciparum, and Drosophila melanogaster is shown in Fig. 1a . The highest homology was between EtROMz and TgROM3 according to the amino acid sequence comparison. Rhomboids are conserved in apicomplexan parasites, some being of similar size to Drosophila rhomboid-1 and others being significantly larger. EtROMz is included in smaller ROMs. The amino acid sequence of alignment of EtROMz, TgROM3, and PfROM3 is shown in Fig. 1b . All sequences contain TM domains as predicted by TMHMM (http://www.cbs.dtu.dk/services/TMHMM-2.0/). More conserved or identical residues are found in TM domains between EtROMz and other ROM3. The apicomplexan ROMs contain many of the critical conserved residues shown to be required for Drosophila rhomboid-1 activity. Sinisa Urban ) demonstrated that mutations of W, R, N, G, S (the catalytic serine), and H abolished rhomboid activity. EtROMz residues corresponding to these are conserved in all apicomplexan ROMs. Moreover, every basic group of EtROMz cDNA sequence can be found in Contig7050 which was obtained from the Eimeria Tenella Genome Project using the 27 July 2004 assembly except the last 11 bp. We suppose that EtROMz is rhomboid 3 in E. tenella. This presumption is conformed with report of Dowse and Soldati .
Construction of pSos-Rho yeast expression vector
The rhomboid gene was cloned into pMD18-T vector and yeast expression vector pSos (pSos-Rho). Restriction endonuclease Sal I/Sac I digestion patterns showed that there was a 910-bp purpose fragment, and it was inserted correctly into the vector (Fig. 2) . The rhomboid gene sequence was detected by Shanghai Biotechnology Co., Ltd, and it was conformed to rhomboid-like gene sequence of E. tenella in gene bank (DQ323509).
Yeast host strain marker phenotype
Yeast colony streaked on four SD agar plates (SD/glucose (−Try), SD/glucose (−Leu), SD/glucose (−His), and SD/ glucose (−Ura)) was not emergent until incubated at 25°C on the sixth days, but there are much colony on YPAD plate (Table 1 ). The genotype of cdc25H yeast strain (α) was MATα ura3-52 his3-200 ade2-101 lys2-801 trp1-901 leu2-3 112 cdc25-2 Gal+, so the phenotype of yeast strain has been verified (growth on the YPAD plate and no growth on any of the four SD agar dropout plates), and the colonies from the YPAD plate could be used to prepare competent yeast cells.
Verification of bait protein by SDS-PAGE and Western blotting
In order to examine expression of recombinant protein in yeast cells, cdc25H yeast cells were transformed with pSos and pSos-Rho plasmid. The protein extracts were then analyzed by SDS-PAGE and Western blotting (Fig. 3) . In Fig. 3a , two proteins banded with the molecular weight of 170 and 198 kDa were detected, showing that the hSos protein was expressed by pSos and the hSos-rhomboid fusion protein was expressed by pSos-Rho plasmid. In Fig. 3b , two bands at about 170 and 198 kDa were recognized by mouse anti-Sos monoclonal antibody in protein extracts of yeast cells transfected with pSos and pSos-Rho plasmid (Fig. 3c, lane 1 and 2) . In Fig. 3c , a band at about 198 kDa was recognized by mouse antisporozoites of E. tenella polyclonal sera in protein extracts of cells transfected with pSos-Rho plasmid (Fig. 3c, lane 2) . The mouse anti-sporozoites of E. tenella polyclonal sera antibody did not react with lysate of yeast cells transfected (Fig. 3c, lane 1) . These results indicated that the Sos-rhomboid fusion protein was expressed by pSos-Rho plasmid.
Indirect immuno-fluorescence assay
Yeast cells were transformed with the recombinant plasmid pSos-Rho and pSos. The expression of the fusion proteins were detected by immuno-fluorescence staining with mouse anti-sporozoites of E. tenella serum and goat anti-mouse IgG-FITC antibody. The green fluorescence was observed under a laser scanning confocal microscope for cells transformed with the recombinant plasmid pSos-Rho (Fig. 4) , not for cells transformed with pSos vector. Furthermore, the green fluorescence indicated that SosRho fusion protein accumulated in plasma membrane region of the yeast cells (Fig. 4a) . The results suggested that EtROM was possibly expressed to approach yeast plasma membrane.
Suitability of rhomboid for CytoTrap interaction assays
White madid patch colonies grew at room temperature on SD/glucose (−UL) fresh plates containing four groups until the fifth day. Six days later, the candidates producing patches didn't grow on SD/glucose (−UL) plates at 37°C.
The negative control group co-transforming pSosMAFB and pMyr laminC did not grow on SD/galactose (−UL) plates, but the patches could be detected for other groups (Table 2 ). This result indicated that recombinant bait protein has integrity and didn't have virulence for host strain, but hSos protein was located to the plasma membrane, so the Ras-signaling pathway was activated and the cdc25H yeast strain was allowed to grow at 37°C.
Discussion
We reported the characterization of members of the rhomboid family of proteases in the parasite E. tenella. The rhomboid gene was discovered from a systematic analysis of EGFR signaling in Drosophila, where it encodes a seven-trans-membrane protein Xiao et al. 1996; Herra et al. 2010) . Although rhomboids throughout evolution are diverse, the overall structure of several TM domains is conserved (Urban and Shi 2008) . Recent high-resolution crystal structures of rhomboid have provided proof that rhomboid proteins function as novel intramembrane proteases, with a serine protease-like catalytic apparatus embedded within the membrane bilayer, buried in a hydrophilic cavity formed by a protein ring. An agreement for the nomenclature of apicomplexan rhomboids has been made between our groups and others . Six genes coding for rhomboid-like proteins (ROMs) have been found in T. gondii, called TgROM1-6. The numbering of T.
gondii ROMs was applied in the order in which they were identified. The six genes identified in T. gondii code for three smaller rhomboids, two larger rhomboids, and one putative mitochondrial rhomboid, but in E. tenella, so far only one ROM (accession no. DQ323509) has been isolated from a lambda cDNA library with a monoclonal antibody against sporozoite (Li et al. 2006) . Amino acid sequence of EtROMz was aligned with rhomboid of other apicomplexan parasites; more nearly, genetic relationship has been searched between EtROMz and TgROM3 because of significantly resemblance of their transmembrane domain (TMD) amino acid sequence. Then, EtROMz nucleotide sequence was contrasted with Contig7050 of E. tenella genome which was reported by Dowse and Soldati. We found that all ROMz nucleotide sequence was found out in Contig7050. Therefore, ROMz was possibly ROM3 in E. tenella. This deduction was conformed with the Dowse and Soldati report that Contig7050 was ROM3 in E. tenella.
Sos recruitment system was first preferred in 1997 (Aronheim et al. 1997 ) and then Broder devised Ras recruitment system (Broder et al. 1998) . The CytoTrap system is based upon the ability of the Sos protein, to complement the cdc25 defect and the generating fusion proteins whose interaction in the yeast cytoplasm activates the Ras-signaling pathway, inducing cell growth (Barak et al. 2001) . These properties of the CytoTrap system enable the study of protein interactions that cannot be assayed by conventional two-hybrid or interaction trap systems. These include proteins that are transcriptional activators or repressors, proteins that require post-translational modification in the cytoplasm, and proteins that are toxic to yeast in conventional two-hybrid systems (Jun et al. 2009 ).
The signaling function of rhomboid proteins was believed to be conserved in eukaryotes and prokaryotes (Urban et al. 2002) . The proteins encoded by ETRH01 were likely to share common functions with other well-studied organisms of rhomboid proteins, especially with rhomboids of T. gondii. Experimental data from T. gondii have linked rhomboid protein with the invasion process (Kami 2004) . Recent studies have also indicated that a spatially localized rhomboid protease cleaves cell surface adhesins that are essential for invasion by Toxoplasma (Brossier et al. 2005) . As for the ETROMz encoded protein, interacted protein with ROMz was tried to screen by CytoTrap yeast twohybrid system, but when recombinated bait plasmid was transformed in yeast host strain, the Ras system of cdc25H host strain was activated, accordingly, host strain could grow at 37°C.The experimental result indicated that bait fusion protein was completely located on yeast cellular membrane, so the hSos protein was near to the cellular membrane and Ras system was activated. This result demonstrated that EtROMz protein was expressed in cellular membrane of cdc25H yeast host strain. Although there were seven TMDs in rhomboid in most apicomplexan parasites, the expressed location was different in every being, and there was no report about expression in yeast cell for rhomboid protein of parasite.
